Viruses of the Paramyxoviridae family, such as the respiratory syncytial virus (RSV), suppress cellular innate immunity represented by type I interferon (IFN) for optimal growth in their hosts. The two unique nonstructural (NS) proteins, NS1 and NS2, of RSV suppress IFN synthesis, as well as IFN function, but their exact targets are still uncharacterized. Here, we investigate if either or both of the NS proteins affect the steady-state levels of key members of the IFN pathway. We found that both NS1 and NS2 decreased the levels of TRAF3, a strategic integrator of multiple IFN-inducing signals, although NS1 was more efficient. Only NS1 reduced IKK, a key protein kinase that specifically phosphorylates and activates IFN regulatory factor 3. Loss of the TRAF3 and IKK proteins appeared to involve a nonproteasomal mechanism. Interestingly, NS2 modestly increased IKK levels. In the IFN response pathway, NS2 decreased the levels of STAT2, the essential transcription factor for IFN-inducible antiviral genes. Preliminary mapping revealed that the C-terminal 10 residues of NS1 were essential for reducing IKK levels and the C-terminal 10 residues of NS2 were essential for increasing and reducing IKK and STAT2, respectively. In contrast, deletion of up to 20 residues of the C termini of NS1 and NS2 did not diminish their TRAF3-reducing activity. Coimmunoprecipitation studies revealed that NS1 and NS2 form a heterodimer. Clearly, the NS proteins of RSV, working individually and together, regulate key signaling molecules of both the IFN activation and response pathways.
Respiratory syncytial virus (RSV) is by far the most significant agent of pediatric respiratory disease for which no reliable antiviral or vaccine yet exists (45, 59) . The lukewarm success of traditional active-immunization-based strategies has drawn focus to cellular innate immunity, which acts as a broad antiviral defense. A major arm of innate antiviral immunity is the type I IFN family, represented by alpha interferon (IFN-␣) and IFN-␤ (6, 46, 58) . In counterdefense, however, members of the Paramyxoviridae family have evolved accessory gene products that neutralize or inhibit various steps of the IFN pathway, thus permitting robust virus growth (18, 27, 57, 71) . It is now appreciated that a better understanding of the viral IFN suppression mechanism(s) is essential for the prudent design of attenuated vaccine strains and better overall therapy.
RSV encodes unique anti-IFN genes not found in any other member virus of this family. While other viruses generate IFNsuppressive proteins, mainly the V protein (1, 12, 18, 19, 21, 22, 27, 33, 50, 51, 57) , from alternative translational reading frames in the P gene through "RNA editing," the P gene of RSV codes for the P protein only. Instead, the RSV genome contains two promoter-proximal genes that code for nonstructural (NS) proteins, NS1 and NS2, which are so named because they are synthesized in RSV-infected cells but are not packaged in the mature virion structure. The predicted primary structures of the NS proteins do not share any significant homology with any other protein. Nonetheless, various lines of experimental evidence have clearly established a role for the NS proteins in IFN suppression (7, 8, 15, 30, 40, 52, 56, 60, 61, 65, 66, 70, 72) . Recombinant RSV strains were created in which either or both NS genes were deleted (⌬NS1, ⌬NS2, ⌬NS1/2) (30, 61, 65, 66, 70, 72) . All RSV ⌬NS strains were found to be viable but replicated extremely poorly in IFNproficient cells such as lung epithelial A549 cells; however, replication improved in IFN-negative Vero cells (8, 16, 29, 65, 66) . The RSV ⌬NS mutants, as well as wild-type RSV in which just NS1 expression was silenced by RNA interference, were highly attenuated in animals (8, 72, 76) , consistent with elevated sensitivity to host IFN. In direct assays, RSV ⌬NS activated high levels of IFN and IFN-stimulated genes (ISG) (56, 60, 61) .
In the generally accepted pathway of type I IFN induction by cytoplasmic RNA viruses such as RSV, a viral RNA species is recognized by the cell as a pathogen-associated molecular pattern. It binds to and activates cytoplasmic RNA sensors of the RIG-I (retinoic acid-inducible gene I) "RNA helicase" family (9, 24, 25, 34, 47, 57, 64, 73, 75) . Collective evidence, including ours, has established that members of this family may display virus specificity and that RIG-I is essential for IFN induction in the RSV-infected cell (3, 20, 31, 33, 39, 41, 54, 74) . Activation of the helicase domain of RIG-I allows it to interact with mitochondrial antiviral signaling (also called VISA, CARDIF, or IPS-1) through the CARD domains of the two proteins, which then leads to the activation of TRAF3 (9, 10, 20, 24, 47) . In a parallel signaling pathway, the RSV fusion (F) protein or unidentified viral RNA can activate specific Toll-like receptors (TLR), such as TLR4 and TLR3, respectively, which also ultimately activate TRAF3 (3, 36, 39) . The TLR pathway appears to be more relevant in dendritic cells, whereas the RIG-I pathway plays a greater role in lung epithelial cells, where RSV infection occurs (8, 54, 72) . Nonetheless, TRAF3 serves as the integration point of signals from both the RIG-I and TLR pathways, playing a strategically key role in IFN gene induction. TRAF3-downstream Ser/Thr kinases of the IKK (inhibitor of B kinase) family (13, 29, 67) , namely, IKKε/TBK1, can assemble on different scaffolding proteins (viz., NAP1, TANK, and SINTBAD), leading to a kinase complex that phosphorylates the C-terminal domain of IFN regulatory factor 3 (IRF3), leading to its activation and translocation from the cytoplasm to the nucleus (11, 13, 24, 26, 42) . Phospho-IRF3, in cooperation with phospho-IRF7 and other transcription factors, such as NF-B and AP-1, then activates the type I IFN gene promoters (13, 26, 43) .
In the IFN response pathway, IFN-␣ and IFN-␤, synthesized as described above, bind to a common receptor (IFNAR), the cytoplasmic tail of which recruits kinases that phosphorylate the STAT (signal transducers and activators of transcription) proteins STAT1 and STAT2 (14, 55, 62) . The active STAT proteins promote the assembly of the ISGF3 complex that translocates to the nucleus and binds to the IFN-stimulated response element found at the promoters of antiviral genes such as those for PKR, OAS, and Mx, leading to their transcriptional activation and the resultant virus-resistant state of the cell (58) .
In theory, the RSV NS proteins can suppress IFN by inhibiting one or multiple signaling factors of the IFN induction and/or response pathway described above. Regarding inhibition of IFN-␣ and -␤ gene induction, both NS1 and NS2 exerted their inhibitory activities individually, as well as cooperatively (8, 60, 61) . Both NS proteins prevented the phosphorylation of IRF-3, and the cooperative effect of the two proteins (NS1/2) in inhibiting IRF-3 activation was much greater than those of the individual proteins (60) . The mechanism of this synergism remained unknown. As already said, NS proteins also inhibit the cell's response to IFN, and STAT2 was shown to be a major target. While infection with wild-type RSV caused degradation of STAT2, ⌬NS1/2 RSV no longer decreased STAT2 levels or IFN responsiveness (40, 52) . Studies of NS proteins have been hindered due to the difficulties of recombinant expression; recently, this problem has been solved through the use of codon-optimized synthetic NS genes (40) . Recombinant expression of the human RSV NS proteins caused a marked decrease in STAT2 levels and the consequent downstream IFN-␣/␤ response. The relative contributions of NS1 and NS2 to this process, however, are still an area of active research. Lo et al. (40) showed that STAT2 was reduced by recombinant NS2 alone and that recombinant NS1 had no effect. In a complementary study, Ramaswamy et al. (52) reached similar conclusions from virus-infected cells, demonstrating that infection with ⌬NS1 mutant or wild-type RSV degraded STAT2 to similar extents, whereas the degradation was significantly reduced when cells were infected with ⌬NS2 RSV or when NS2 in the wild-type RSV-infected cell was silenced by a specific anti-NS2 small interfering RNA. The degradation of STAT2 by NS2 likely occurred via a proteasomal mechanism, as it could be inhibited by MG132, a classic proteasome inhibitor. In apparent contrast, Elliott et al. (15) recently used a combination of recombinant NS proteins, overexpressed recombinant proteins of the ubiquitin proteasome pathway, and small interfering RNA-mediated knockdown to show that NS1 alone could degrade STAT2 by using elongin C and cullin 2, apparently acting as an E3 ligase. Interestingly, they also found that both NS1 and NS2 promoted ubiquitination of STAT2, suggesting that NS2 must somehow contribute to this E3 ligase activity (15) .
In this communication, we have investigated whether the NS1 and NS2 proteins lead to the reduction of other key members of the IFN pathway. Indeed, we show that NS1 and NS2 variously affect the levels of TRAF3 and IKKε by using potentially different but nonproteasomal mechanisms. We also find that NS1 and NS2 form a complex, thus providing a framework for their individual, as well as joint, roles in suppressing the various steps of IFN induction and IFN response.
MATERIALS AND METHODS
Cell culture and treatments. The human alveolar epithelial A549 cell line (ATCC CCL-185; American Type Culture Collection, Manassas, VA) and the African green monkey Vero cell line (ATCC CCL-81; American Type Culture Collection, Manassas, VA) were cultured in monolayers by using standard Eagle's minimal essential medium containing L-glutamine, 10% heat-inactivated fetal bovine serum, 100 U/ml penicillin, and 100 g/ml streptomycin. In experiments requiring activation of IFN signaling, the cells were treated with recombinant IFN-␣ (R&D Systems) at 500 U/ml (final concentration) 30 min prior to cell harvesting. Where mentioned, the cell-permeating proteasomal inhibitors MG132 (Z-Leu-Leu-Leu-CHO) and lactacystin (Sigma) were used at 10 M (final concentration) 6 h prior to cell harvesting.
Virus growth. The wild-type RSV Long strain of the A serotype was grown on HEp-2 cell monolayers and the NS deletion mutants were grown on Vero cells by using standard cell culture conditions as described previously (4, 5) . The virus was purified on a sucrose density gradient as previously described (68) and stored frozen in small portions at Ϫ80°C. For experiments requiring infection by RSV strains, a multiplicity of infection of 3 was used.
Plasmid constructs. Codon-optimized versions of the RSV genes for NS1 and NS2 have been described before (40) and were synthesized by using overlapping primers and PCR technology. To generate NS-specific antibodies, the NS genes were first cloned into the pET-15b prokaryotic expression vector (Novagen) to add a six-His tag at the N terminus of each protein. The recombinants were induced by isopropyl-␤-D-thiogalactopyranoside (IPTG) in Escherichia coli BL21(DE3), purified by standard Ni 2ϩ -agarose affinity chromatography, and used as the antigen to raise polyclonal antisera in rats (Cocalico Biologicals, Reamstown, PA). For eukaryotic expression, the NS genes were cloned into the pCAGGS expression vector (44) such that a FLAG tag (DYKDDDDKP) or a hemagglutinin (HA) tag (YPYDVPD) was added to the N terminus of each protein. C-terminal mutant forms of NS1 and NS2 lacking 10, 20, or 30 amino acids were generated by simply introducing stop codons at the appropriate places by PCR. All clones, including the mutant forms, were verified by DNA sequencing (Laragen, CA). The Myc-IKKε (in pcDNA3.1-myc) and FLAG-TRAF3 (pSG5-FLAG-TRAF3) expression clones were kind gifts from Ganes C. Sen (Lerner Research Institute, Cleveland Clinic, Cleveland, OH) and Paula Norris and Carl Ware (La Jolla Institute for Allergy and Immunology), respectively. Reporter plasmids in which Luc expression is under the control of the IFN-␤ promoter or the IFN-responsive gene ISG54 promoter have been described before (53) and were kindly provided by Chris Basler (Mount Sinai School of Medicine, NY). The pCMV-Renilla Luc plasmid (48) , constitutively expressing Renilla luciferase, was a kind gift from Ramesh Pillai (EMBL, Grenoble, France).
Transfections. Lipofectamine 2000 transfection reagent (Invitrogen) was used to transfect A549 cells according to the manufacturer's protocol. All transfections were carried out at about 90% confluence of the monolayer in a six-well plate configuration (10 cm 2 per well), and DNA amounts were optimized to allow maximal gene expression and the least cytopathic effect. Before transfection, the antibiotic-containing medium was removed, cells were washed twice with phosphate-buffered saline (PBS), and then antibiotic-free medium was added. All transfections were transient (i.e., for 24 h).
Immunoblotting (IB or Western blotting) and immunoprecipitation (IP). Upon completion of the experiments (i.e., 24 h posttransfection), the cell culture medium was removed and the cells were washed twice with PBS. For IB analysis, cells were scraped and lysed directly in 1ϫ Laemmli sample buffer, aided by sonication. All steps were done on ice. Samples were boiled for 5 min and used for sodium dodecyl sulfate-polyacrylamide gel electrophoresis as described previously (5). Mouse anti-FLAG antibody (MAB3118; Millipore) was used to detect FLAG-NS proteins or FLAG-TRAF3. Mouse anti-myc (R950-25; Invitrogen), rabbit anti-actin (A2066; Sigma), rabbit anti-STAT2 (sc476; Santa Cruz), and goat anti-RSV (AB1128; Chemicon) antibodies were used to detect myc-IKKε, actin, STAT2, and RSV proteins, respectively. The corresponding secondary antibodies used, conjugated to horseradish peroxidase, were sheep antimouse (931V; ECL), donkey anti-rabbit (934V; ECL), and rabbit anti-goat (A5420; Sigma) antibodies.
The Western blotting bands were developed by ECL using Pierce reagents (Pierce, Rockford, IL), and densitometric analysis was performed with Fuji Image Gauge V4.0 software. Band intensities of the experimental proteins were normalized to that of actin from the same membrane.
IP was done by standard procedures as described before (35) .
Immunofluorescence (IF)
. A549 cells were grown on 18-mm round coverslips placed in a 12-well plate. While still on the plate, cells were rinsed twice with cold PBS, fixed with ice-cold 10% trichloroacetic acid for 15 min, and then fixed for 3 min each in ice-cold 70%, 90%, and 100% ethanol, in that order. The cells were next rinsed twice with cold PBS for 5 min each time, permeabilized with cold 0.2% Triton X-100 in PBS for 10 min, rinsed three times with PBS for 5 min each time, and incubated for 2 h with a primary antibody solution made in PBS. The unbound antibody was removed by washing three times with PBS, for 5 min each time, and the cells were incubated with an Alexa Fluor-conjugated secondary antibody in PBS for 1.5 h in the dark. The cells were finally rinsed four times with PBS and mounted by using the Gold Reagent (Invitrogen) according to manufacturer's instructions. Mouse anti-FLAG (MAB3118; Millipore) and Alexa Fluor-conjugated 488 donkey anti-mouse (A21202; Invitrogen) antibodies were used. Images were acquired in a Nikon TE2000E2 Perfect Focus fluorescence imaging microscope equipped with NIS-Elements 2.3 software.
RESULTS

Recombinant expression of RSV NS proteins.
We cloned the codon-optimized versions of both NS genes (40) under the control of the constitutive chicken actin promoter in the pCAGGS vector with an N-terminal FLAG tag. Transient transfection of A549 cells and IF staining with anti-FLAG antibody revealed the expression of both proteins ( Fig. 1 ), which were primarily cytoplasmic, consistent with previous findings (60) and with their ability to suppress members of the IFN family that are also located in the cytoplasm. By IF (Fig.  1) , as well as IB (for example, Fig. 2 ), NS2 expression from the recombinant clone was found to be more robust than that of NS1. We also tested our polyclonal rat NS antibodies, raised against bacterial NS proteins (see Materials and Methods), in three kinds of applications, which revealed a profile of success and failure: whereas both antibodies reacted in IF, only the anti-NS1 antibody was reactive for IB (the anti-NS2 antibody failed) and only the anti-NS2 antibody was reactive for IP (the anti-NS1 antibody failed). Based on these results, we used these antibodies in specific applications only.
NS1 efficiently and NS2 weakly decreases TRAF3. We first tested if NS proteins affect TRAF3 levels. A549 cells were transiently transfected with FLAG-TRAF3 and FLAG-NS plasmids, and the levels of all recombinant proteins were determined by IB. Two different amounts of each NS plasmid and their combinations were tested. Note that, as it appeared in IF detection ( Fig. 1) , IB ( Fig. 2A , left panel) also revealed that recombinant NS1 is expressed poorly compared to NS2, even when 3 g of the NS1 plasmid (lane 3) is compared with 1.5 g of the NS2 plasmid (lane 4). The reason for this dissimilar expression is unknown, but it could not be due to unequal detection efficiency because the same FLAG antibody was used for both. In either case, we could not enhance NS1 expression further due to the general cytopathic effect of larger amounts of transfected DNA. Nonetheless, even the smaller amounts of NS1 caused a much greater reduction of TRAF3, compared to the relatively minor effect of much larger amounts of NS2 (Fig. 2) . When NS1 and NS2 were expressed together, the NS1 effect was clearly dominant, as judged by the strong reduction of TRAF3, similar to what was achieved by NS1 alone.
These results were then verified in RSV infection; TRAF3 levels were determined in A549 cells infected with wild-type RSV or recombinant RSV lacking one or both NS genes. The results ( Fig. 2A, right panel) , indeed, showed extensive reduction of TRAF3 in wild-type (lane 9) and ⌬NS2 (lane 11) RSV infections, where the NS1 gene was intact. In contrast, normal levels of TRAF3 prevailed upon infection with ⌬NS1 (lane 10) and the double-deletion ⌬NS1/2 virus (lane 12) when the NS1 gene was lost.
As one of our future goals is to use the recombinant NS clones to map the functional domains, we wanted to ensure that the functions of the recombinants are discernible and reproducible in the RSV-infected cellular environment. To this end, we retested the TRAF3-reducing activities of the recombinant NS1 and NS2 proteins in cells infected with ⌬NS1/2 RSV, which should provide all viral gene functions except NS1 and NS2. The results (Fig. 3 ) not only reconfirmed the relative TRAF3-reducing activities of recombinant NS1 and NS2 in the uninfected cell (lanes 2, 4, and 6) but also showed that they were reproducible in RSV-infected cytoplasm as well (corresponding lanes 3, 5, and 7, respectively). Together, these results clearly document a striking loss of TRAF3 in the RSV-infected cell, caused primarily by the viral NS1 protein.
NS1, but not NS2, decreases IKK. We then conducted similar studies with the downstream kinase IKKε, which is normally responsible for activation of the IRFs. A549 cells were transiently transfected with Myc-IKKε and FLAG-NS plasmids, and the levels of all recombinant proteins were determined by IB. The results (Fig. 4) revealed a pattern that is generally similar to that of TRAF3 described above. Recombinant NS1 protein (lanes 2 and 3), in spite of its poorer expression than that of NS2, significantly lowered IKKε levels. Expression of NS2 by itself (lanes 4 and 5) failed to decrease IKKε, even when it is expressed two-to fourfold more abundantly than NS1. In excessively large amounts (lane 5), NS2 seemed to elevate IKKε levels (an average of 22% increase by 3 g NS2 plasmid), whose physiological relevance is questionable. Nonetheless, since both proteins are expressed in RSV infection, we examined the effect of joint expression of the two proteins on IKKε levels. Even with a skewed expression of more NS2 than NS1 (lanes 6 and 7), there was a net reduction of IKKε compared to that in untransfected A549 cells.
To compare the recombinant NS results with RSV infection, we measured IKKε levels in A549 cells infected with ⌬NS RSV strains. As shown in Fig. 4A (right side), IKKε levels were strongly reduced whenever the NS1 gene was intact (RSV-wt and RSV-⌬NS2, lanes 9 and 11) but remained unchanged when the NS1 gene was missing (the ⌬NS1 and double mutants, lanes 10 and 12).
As for TRAF3, we wanted to make certain that the IKKε regulatory functions of the recombinants are reproducible in the RSV-infected cellular environment provided by ⌬NS1/2 RSV infection. These results (Fig. 5) reconfirmed the contrasting effects of recombinant NS1 and NS2 on IKKε and showed that the results were identical without and with ⌬NS1/2 RSV infection (compare lanes 2, 4, and 6 with lanes 3, 5, and 7, respectively).
We conclude that NS1, but not NS2, plays a cardinal role in the reduction of IKKε levels in RSV-infected cells.
Recombinant NS2 decreases STAT2 levels. As mentioned, the relative contributions of NS1 and NS2 to the loss of STAT2 remain equivocal, as either protein has been shown to promote STAT2 degradation by diverse approaches (15, 40, 52) . We wanted to revisit this issue as the availability of recombinant NS1 and NS2 allowed us to perform a head-on comparison. First, in recognition of the unequal expression of the two NS proteins, we transfected each plasmid in a range of amounts, followed by quantification of the endogenous STAT2 levels. The results (Fig. 6A) unequivocally show that even the smallest amounts of expressed NS2 (e.g., 0.5 and 1 g of the NS2 plasmid, respectively, in lanes 6 and 7) were quite effective in decreasing STAT2, whereas much larger amounts of the NS1 plasmid, expressing comparable amounts of protein (lanes 4 and 5), were ineffective. We then tested if coexpression of NS1 would have any additive or negative effect over NS2's ability to degrade STAT2. Since recombinant protein expression may vary from experiment to experiment, we used two different amounts of the NS1 and NS2 plasmids. The results (Fig. 6B ) revealed no regulation of NS2 activity by NS1. For example, the extent of the decrease in STAT2 levels (Fig. 6B) caused by 1.5 g NS2 plasmid was essentially similar with (lane 16) or without (lane 13) 1.5 g of the NS1 plasmid. We conclude that recombinant NS2 itself possesses STAT2-decreasing activity, confirming previous conclusions (40, 52) .
Deletion mutagenesis of NS proteins. Although NS proteins are important and unique IFN antagonists, there has been no attempt to map their functional domains. Interestingly, notwithstanding their overall dissimilarity, both NS proteins contain the same DLNP tetramer at the very C-terminal end that is preceded by an aromatic residue (F/Y) (see Fig. 13 ). In fact, a rabbit antiserum directed against the 10-amino-acid C-terminal peptide of the NS2 protein that included the common tetrapeptide sequence efficiently recognized both NS1 and NS2 in Western blotting (2) .
The availability of recombinant NS clones allowed us to attempt to map the functional domain(s) in NS proteins. In this preliminary effort, we created incremental deletions of 10-amino-acid segments from the C-terminal end. Thus, three mutant forms of each protein, designated ⌬C10, ⌬C20, and ⌬C30, were created by deleting 10, 20, and 30 amino acid residues, respectively. When tested in transient transfection with the FLAG antibody, all of the clones were expressed well (Fig. 7) , the sole exception being ⌬C30NS1, which was therefore not included in our subsequent studies. The others were tested for loss of the cognate activities discovered as described above.
The C termini of the NS proteins play no role in decreasing TRAF3. Since both NS proteins decreased TRAF3 levels, we presumed that their relatively conserved C termini may be important in this process. To test this, we asked if any of our C-terminal deletion NS mutant proteins are defective in TRAF3 reduction. To approximate virus infection whereby both NS proteins are produced, we expressed each deletion mutant form of one NS protein in combination with the wildtype protein of the other NS and measured the TRAF3 levels as before. Unexpectedly, the results (Fig. 8) showed that all of the deletion-containing proteins, including those that lost as much as 30 residues of NS2 (lane 8) and 20 residues of NS1 (lane 10), retained full TRAF3-reducing activity.
As mentioned before, both NS1 and NS2 have been reported to degrade STAT2 by a proteasomal mechanism. We therefore investigated whether the loss of TRAF3 was also occurring through proteasomal degradation by testing if MG132 and lactacystin, two well-known proteasome inhibitors, could restore TRAF3 levels in NS-expressing cells. As a positive control, we used IB␣, which is promptly degraded by cellular proteasome upon treatment of the cells with tumor necrosis factor alpha (TNF-␣). Unexpectedly, MG132 did not inhibit either NS protein's ability to reduce TRAF3 (Fig. 8B) ; compare, for example, lane 15 (with MG132) and lane 5 (without MG132), having essentially the same levels of TRAF3, which is obvious in the densitometric scan (Fig. 8D) . The results obtained with lactacystin were identical to those obtained with MG132 and hence are not shown. In the contrasting control, the degradation of IB␣ in response to TNF-␣ treatment was indeed inhibited by the same concentration of MG132 in the same type of cell (A549) in a parallel experiment (Fig. 8C) . We conclude that NS1 and NS2 reduce TRAF3 levels through a novel nonproteasomal mechanism that also does not involve their common C termini.
The C termini of the NS proteins are important for regulating IKK. Recall that NS1 promotes loss of IKKε; in contrast, NS2 actually promoted a modest increase (Fig. 9) . In an attempt to map the domains of the two NS proteins important for these respective roles, we tested the C-terminal deletion mutant proteins. These experiments were performed as for TRAF3; i.e., deletion mutant forms of NS1 were combined with wild-type NS2 and vice versa. The results ( Fig. 9A and B ) revealed that loss of as little as 10 amino acids from the C termini nearly completely abrogated both the IKKε-reducing activity of NS1 and the IKKε-increasing activity of NS2. For example, lane 4 represents the joint expression of two fulllength NS proteins, showing about 70% of the basal levels of IKKε (Fig. 9C, lane 1 ), which appears to be an integration of the effects of NS1 (lane 2, 30%) and NS2 (lane 3, 120%). However, when the wild-type NS2 protein in the mixture was replaced with ⌬C10NS2 (lane 5), the IKKε level dropped from 70% to about 30%, equal to the level seen with NS1 alone (lane 2), indicating loss of the stimulatory effect of NS2. Similarly, when ⌬C10NS1 replaced full-length NS1 (lane 8), the IKKε levels increased to 110%, approaching the NS2-only levels (lane 3, 120%). For both NS1 and NS2, larger deletions (⌬C20, ⌬C30) showed no further decrease in IKKε regulatory activity; e.g., lanes 5 to 9 (NS2, ⌬C10 to ⌬30) had identical values and so did lanes 8 and 9 (NS1, ⌬C10 to ⌬20). Finally, NS1-mediated loss of IKKε levels could not be inhibited by MG132 (Fig. 9B, compare lanes 2 and 12 or lanes 4 and 14) . Use of just the deletion mutant protein ⌬C10NS1 in the absence of NS2 led to the same conclusion when appropriately normalized against actin (Fig. 9C, lanes 10 and 15) . Proof that MG132 was functional came from the demonstration that it did inhibit TNF-␣-induced proteasomal degradation of IB␣, as shown previously in Fig. 8C . Moreover, in both Fig. 8 and 9 , we noticed higher levels of NS proteins in the MG132-treated samples than in otherwise identical untreated ones (e.g., compare lanes 13 and 3 or lanes 14 and 4 in the bottom of Fig. 9A and B), suggesting protection of these highly unstable proteins (5, 15, 17, 39), likely from proteasomes.
FIG. 4. Reduction of IKKε levels by NS1
. Experiments were performed essentially as described in the legend to Fig. 2 , by substituting 2 g of the myc-IKKε plasmid for the FLAG-TRAF3 plasmid. The total amount of transfected DNA was kept constant at 5 g by using the empty pCAGGS vector wherever needed. wt, wild type.
FIG. 5. Reduction of
IKKε levels by recombinant NS1 in the RSVinfected cell environment. These experiments were performed essentially as described in the legend to Fig. 3 , by substituting 2 g of the myc-IKKε plasmid for the FLAG-TRAF3 plasmid. The total amount of transfected DNA was kept constant at 5 g by using the empty pCAGGS vector wherever needed.
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Together, these results lead to the interesting conclusions that the C terminus of NS1 is involved in strongly lowering IKKε levels by a nonproteasomal mechanism and that the C terminus of NS2 is also involved in regulating IKKε but its effect is weak and opposite, actually causing a small increase in IKKε levels. As mentioned before, infection with RSV with NS deleted leads to much greater activation of IRF3 than does infection with wild-type RSV (60) , and subsequent studies showed that IRF3 activation by wild-type RSV in fact requires IKKε (28) . Thus, reduction of IKKε by NS1, as shown here, is particularly remarkable since it plays the crucial role of attenuating the signal flowing to IRF3 via the IKKε axis.
The C terminus of NS2 is important for decreasing STAT2. Having confirmed that recombinant NS2 indeed decreases STAT2 (Fig. 6) , we proceeded to determine where this function maps by using the C-terminal deletions. The results (Fig.  10 ) first confirmed the degradation of STAT2 by NS2 (lane 3) but no effect of NS1 either alone (lane 2) or when coexpressed with NS2 (lane 4). Analysis of the deletions showed that loss of the last 10 C-terminal residues of NS2 resulted in total loss of STAT2-decreasing activity (lane 7). Further deletion of NS2 or any deletion of NS1 showed no greater loss or gain of activity. Clearly, the C-terminal 10 residues of NS2 play an essential role in STAT2 reduction.
Correlation of NS domain analysis with IFN induction and IFN response phenotypes. Since our NS deletion analysis presented above focused on the signaling intermediates, it became important to determine to what extent these properties are reflected in the actual modulation of IFN synthesis and the IFN response. To monitor IFN gene induction and the response to exogenous IFN, we used IFN-␤ promoter-Luc and ISG54 promoter-Luc plasmids, respectively, in transient transfections. In the induction assay, we used RSV ⌬NS1/2 as the inducer; in the response assay, purified commercial IFN-␤ was added to the medium. The ability of the NS1 and NS2 deletion mutant proteins to suppress these pathways was then tested by transfection with the corresponding NS expression plasmids. These results (Fig.  11) , discussed below, were in general agreement with the previous deletion analysis but also implicated potentially novel directions.
First, both NS1 and NS2 were able to suppress IFN-␤ promoter activation (Fig. 11A ), in agreement with downregulation of TRAF3 by both (Fig. 3) and that of IKKε by NS1 (Fig. 5) . Interestingly, while NS1 and NS2 with C-terminal deletions retained their TRAF3-lowering activity (Fig. 8) , they suffered incremental loss of IFN-␤ promoter silencing activity (Fig.  11A) . The IKKε-reducing activity of NS1 was more in tune with the IFN-␤ promoter silencing activity, as NS1 with Cterminal deletions significantly lost both.
Second, when the response to exogenous IFN was measured (Fig. 11B) , NS2 showed strong suppression, consistent with its STAT2-reducing activity (Fig. 10) . The loss of the IFN-silencing activity in NS2 with C-terminal deletions (Fig. 11B ) is also consistent with the loss of the STAT2-reducing activity of the same mutant proteins. However, NS1, which was unable to reduce STAT2 (Fig. 10) , nonetheless had some IFN response suppression activity, and this can be attributed to the C-terminal 10 residues (Fig. 11B) . FIG. 6 . Reduction of endogenous STAT2 levels by recombinant NS2. A549 cells in 10-cm 2 wells were transfected with the indicated amounts of pCAGGS-FLAG-NS plasmids. The empty pCAGGS vector was also transfected wherever needed to keep the amount of DNA constant at 7 g in every well. Cells were processed 24 h later for IB to detect the proteins (top of each panel) with the specific antibodies described in Materials and Methods. The STAT2 band intensities were normalized against that of actin and plotted (bottom of each panel) as percentages of that of the control cells transfected with the empty pCAGGS vector (lanes 1 and 11 for the respective sets). The mean Ϯ the standard error of the mean of three experiments are presented.
FIG. 7. Expression of recombinant NS deletion mutant proteins. A549 cells in 10-cm
2 wells were transfected with 3 g of wild-type or C-terminal deletion-containing pCAGGS-FLAG-NS plasmid. Cells were processed 24 h later for IB with FLAG antibody. Note that the NS1 mutant protein with 30 amino acids deleted from the C terminus could not be detected.
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We conclude that both NS1 and NS2 suppress IFN through multiple mechanisms in addition to the ones involving TRAF3, IKKε, and STAT2, and some of them are also mediated by the C terminus of the NS proteins.
NS1 and NS2 form a complex. As it appeared that NS1 and NS2 both regulate various members of the IFN pathway, we wondered whether they associate with each other. To test this, we performed coimmunoprecipitation experiments with RSVinfected cells, which indeed showed that precipitation of NS2 also pulls down NS1 (Fig. 12A) , suggestive of a heteromeric complex. We were unable to perform the reciprocal experiment because our NS1 antibody did not work for IP. However, we then performed these experiments with cells transfected with N-terminally FLAG-and HA-tagged NS clones. The results (Fig. 12B) clearly showed that IP of tagged NS1 also pulled down tagged NS2 and vice versa. Since the C-terminal 10 residues of NS1 and NS2 were essential for regulating IKKε and STAT2 levels, we tested whether this region was also important for NS1-NS2 association. As shown, ⌬C10 deletion of either NS1 or NS2 did not abrogate the association. We conclude that regions beyond the C-terminal 10 amino acids are involved in the formation and function of the NS1-NS2 complex.
DISCUSSION
The general conclusion of this study is that the two NS proteins of RSV target at least three key signaling molecules of the cellular type I IFN induction and response pathways, namely, TRAF3, IKKε, and STAT2, and perhaps others. Loss of TRAF3, where parallel IFN-inducing signals from the RIG-I and TLR pathways converge, should allow RSV to evade both viral RNA-induced and viral F protein-induced signals. Loss of IKKε would further reduce the signal downstream, and loss of STAT2 would abrogate the cell's response to IFN. Clearly, RSV has evolved the two unique NS proteins to simultaneously antagonize multiple members of the IFN pathway to guarantee optimal virus growth.
A fundamental difficulty in NS studies is that the relative quantities of NS1 and NS2 in the RSV-infected cell are currently uncertain because it is not clear if the available antibodies (2, 17; this study) react with them with equal efficiency. Recombinant expression of FLAG-tagged NS proteins eliminates this problem, as the same anti-FLAG antibody is used to detect both NS1 and NS2. Nonetheless, in light of this inherent obstacle, we have used various amounts of NS1 and NS2 plasmids for optimal expression and then validated the results in 1 and 11) . The mean Ϯ the standard error of the mean of three experiments are presented. wt, wild type.
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RSV-infected cells wherever possible for additional relevance. Gross misfolding of mutant proteins resulting in nonspecific loss of activity is always a possibility in deletion analysis; however, our NS deletions retained TRAF3-reducing activity, eliminating this concern. It is clear from our results that the NS proteins use diverse mechanisms and domains. Although NS1 promoted the reduction of both TRAF3 and IKKε, the same amounts of NS1 failed to reduce STAT2. The C terminus of NS1 was important for reducing IKKε only, not TRAF3. NS2 was relatively benign for these two substrates; it reduced TRAF3 weakly and promoted only a modest increase of IKKε. In contrast, NS2 reduced STAT2, while NS1 did not. These results pointed to the unique functions of NS1 and NS2, which were further underscored by the differential roles of their C termini in these activities. In short, the C-terminal 10 residues of NS1 and NS2 were essential for reducing IKKε and STAT2 levels, respectively. In contrast, the C terminus of neither protein was needed for its TRAF3-reducing activity. One possibility is that the exact stoichiometry of the NS1/2 heterodimer is determined by the relative amounts of NS1 and NS2, which may FIG. 9 . Restoration of IKKε levels upon deletion of the C termini of the NS proteins. These experiments were designed essentially as described for TRAF3 in the legend to Fig. 8. (A, B) A549 cells in 10-cm 2 wells were transfected with 2 g of myc-IKKε plasmid. In addition, they were transfected with the indicated amounts of pCAGGS-FLAG-NS plasmids (or 3 g of the empty vector only in lanes 1 and 11). Where indicated (B), MG132 was added 18 h later and the cells were incubated for another 6 h. All of the cells were then processed for IB with appropriate antibodies to detect the myc tag (IKKε), actin, IB␣ (not shown), or the FLAG tag (NS1/2). Note that the mobility of ⌬C10NS2 was identical to that of NS1, and therefore, the two bands could not be resolved (lane 5). Lane 10 was taken from a different experiment, as indicated by the dotted line. (C) The band intensities were normalized against that of actin and plotted as percentages of the respective control lanes (lane 1 and 11) . The mean Ϯ the standard error of the mean of three experiments are presented. wt, wild type. account for some of the differences reported in the literature, obtained by using overexpressed recombinant NS versus RSV infection. It is also possible that the heterodimer recruits other proteins to form an IFN-suppressive multisubunit complex. There is precedence in the IFN-suppressive V proteins of a number of paramyxoviruses, such as mumps virus, simian virus 5, and human parainfluenza virus type 2, which assemble a multiprotein complex containing E3 ligase activity that degrades the STAT proteins (18, 27, 37, 52, 57, 69) . Among viral proteins, the RSV matrix protein (M) and the phosphoprotein (P) were found to be associated with NS1 in coimmunoprecipitation studies and in two-hybrid screening, respectively (17, 23) . Interestingly, P is a viral transcription factor and M has multiple roles, including viral nucleocapsid packaging and possibly viral transcriptional shutoff at the late stage. It is possible that a subset of the NS1/2 complex recruits these proteins through interaction with NS1 and thus regulates viral gene expression. It is to be noted that although we have only focused on its IFN-suppressive activities, the NS1 protein has multiple roles, including regulation of viral RNA synthesis (2) . It remains to be seen whether the interactions with P and M regulate the IFN-silencing function of NS1 in the actual RSV-infected cell.
As mentioned, Elliott et al. (15) demonstrated E3 ligase activity of the NS1 complex that degraded STAT2. These authors also used a CLUSTALW homology search to find a motif in NS1 that showed partial homology to the consensus sequence for elongin C and cullin 2 binding (called BC box), namely, VXXLXXXCXXX (Fig. 13A) , which occurs in archetypal E3 ligases such as SOCS1 to -3 and VHL (32, 63) . It was conjectured that this motif might be responsible for the E3 ligase activity of NS1 (15) . As NS2 was shown to decrease STAT2 (40, 52) (Fig. 6 and 10) , apparently by using a proteasomal mechanism, we searched for a similar consensus in NS2 and found one at residues 39 to 52 (Fig. 13A ), located at a heterologous position from that of NS1. Both sequences showed distant homology with BC Box, as well as significant differences in primary structure and predicted secondary structure (Fig. 13B ). It will be interesting to determine whether this motif in the NS proteins is functionally important in the ubiquitination and degradation of STAT2. However, even if it is, the C termini may play important roles in this process as well, FIG. 11 . IFN suppression phenotypes of NS1 and NS2 deletion mutants. Infection and transfection were carried out as detailed in the legend to Fig. 3 . In brief, A549 cells were first infected with dual NS deletion-containing RSV and 4 h later transfected with the indicated pCAGGS-FLAG-NS plasmids and either (A) an IFN promoter reporter or (B) an IFN response reporter firefly Luc plasmid. All of the cells were also cotransfected with the pCMV-Renilla Luc plasmid for a transfection control. Cells were processed 24 h later for a dualluciferase assay (Promega), and firefly Luc activity was normalized against that of Renilla Luc. In each panel, the normalized activity with pCAGGS (vector only, no NS gene) was taken as 100 and all other activities are expressed as percentages thereof. The mean Ϯ the standard error of the mean of three experiments are presented.
FIG. 12.
Coprecipitation of NS1 and NS2. (A) A549 cells were infected with wild-type RSV, and cell lysates made at 18 h p.i. were subjected to IP with our polyclonal rat antibody against NS2 or a no-antibody control (protein A-Sepharose beads only). Precipitated samples were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and IB was performed with the rat NS1 antibody. Note that our rat anti-NS2 antibody works only in IP, not in IB, and vice versa for the anti-NS1 antibody. (B) A549 cells were cotransfected with equal amounts of a mixture of pCAGGS-FLAG-NS and pCAGGS-HA-NS plasmids as follows: lane 1, FLAG-NS2 and HA-NS1; lane 2, FLAG-⌬C10NS2 and HA-NS1; lane 3, FLAG-NS1 and HA-NS2; lane 4, FLAG-⌬C10NS1 and HA-NS2. Cell lysates were made 24 h later, and portions were directly subjected to IB with (i) FLAG antibody or (ii) HA antibody. The remaining portions of the lysates were processed for IP with FLAG antibody, and the precipitate was subjected to IB with either (iii) FLAG antibody or (iv) HA antibody.
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on November 12, 2017 by guest http://jvi.asm.org/ since ⌬C10NS2 was defective in this degradative activity. In alternative, nonproteolytic mechanisms, NS proteins may inhibit the transcription, translation, or mRNA stability of some of its target genes, which remains to be established. While the manuscript was in preparation, Ling et al. (38) published interesting results focusing on NS2, showing that its expression inhibited IFN gene transcription induced by both RIG-I and TLR3 pathways. They found that NS2 inhibited RIG-I by binding to the CARD domain of the latter and blocking its interaction with mitochondrial antiviral signaling, which is clearly a proteasome-independent mechanism. This is in agreement with our assertion that NS proteins indeed target multiple pathways. Evidently, the subunit composition of the various cellular complexes of NS1 and NS2 should shed light on the multiple functions and mechanisms of these unique RSV proteins. These studies will be facilitated by the recombinant NS proteins and their mutant forms described here. 
